Understanding the evolutionary origin of the ribonuclease (RNase) A superfamily is of great interest because the superfamily is the sole vertebrate-specific enzyme family known to date. Although mammalian RNases have a diverse array of biochemical and physiological functions, the original function of the superfamily at its birth is enigmatic. Such information may be obtained by studying basal lineages of the vertebrate phylogeny and is necessary for discerning how and why this superfamily originated. Here, we clone and characterize 3 RNase genes from the zebrafish, the most basal vertebrate examined for RNases. We report 1) that all the 3 zebrafish RNases are ribonucleolytically active, with one of them having an RNase activity comparable to that of bovine RNase A, the prototype of the superfamily; 2) that 2 zebrafish RNases have prominent expressions in adult liver and gut, whereas the 3rd is expressed in adult eye and heart; and 3) that all 3 RNases have antibacterial activities in vitro. These results, together with the presence of antibacterial and/or antiviral activities in multiple distantly related mammalian RNases, strongly suggest that the superfamily started as a host-defense mechanism in vertebrate evolution.
Introduction
The ribonuclease (RNase) A superfamily is the sole vertebrate-specific enzyme family known to date (Lander et al. 2001; Zhang, Dyer, Rosenberg 2002 ). The prototype of the superfamily, bovine pancreatic RNase (also known as RNase A), has a long history in biochemistry as it has served as an excellent model for studying protein folding (Anfinsen 1973; Udgaonkar and Baldwin 1988; Klefhaber et al. 1995; Sambashivan et al. 2005) . The superfamily has also been a model in molecular phylogenetic and evolutionary studies (Beintema et al. 1977; Jermann et al. 1995; Rosenberg et al. 1995; Zhang et al. 1998 Zhang et al. , 2000 Kleineidam et al. 1999; Zhang and Rosenberg 2002a; Zhang J, Zhang YP, Rosenberg 2002; Yu and Zhang 2006; Zhang 2006 Zhang , 2007 . In humans, the superfamily comprises 8 canonical members (Zhang, Dyer, Rosenberg 2002) , including the pancreatic ribonuclease (RNase 1), eosinophil-derived neurotoxin (or RNase 2), eosinophil cationic protein (or RNase 3), RNase 4, angiogenin (ANG or RNase 5), RNase 6 (or k6), RNase 7, and RNase 8. More recent studies expanded the superfamily to include 5 additional members, RNases 9-13 (Penttinen et al. 2003; Castella, Benedetti, et al. 2004; Castella, Fouchecourt, et al. 2004; Devor et al. 2004; Cho et al. 2005 ). RNases have a wide variety of functions, including degradation of dietary RNAs (Barnard 1969) , stimulation of blood vessel formation (Fett et al. 1985) , tumor growth suppression (Ardelt et al. 1991) , innate immunity , and involvement in motor neuron proliferation (Greenway et al. 2006 ) and male reproduction (Zhu et al. 2007) . Notwithstanding the great functional diversity, members of the superfamily have a number of common features. First, as secreted proteins, they all have a signal sequence at the N-terminus. Second, the entire coding region is contained in a single exon. Third, canonical RNases (i.e., RNases 1-8) possess 6-8 conserved cysteines forming disulfide bridges. Fourth, the catalytic triad and several other signature motifs are well conserved among the canonical RNases (Beintema and Kleineidam 1998) .
Except frogs (Rosenberg et al. 2001) , nonmammalian species possess relatively few RNases, which have only 6 conserved cysteines much like mammalian RNase 5 (Strydom 1998 ). Phylogenetic analysis of RNase genes identified from numerous completely sequenced genomes suggested a substantial expansion of the RNase superfamily in early mammalian evolution prior to the placental-marsupial divergence, presumably from an RNase 5-like ancestral gene (Cho et al. 2005; Cho and Zhang 2006) . Among the 8 mammalian canonical RNases, RNase 2, 3, 5, and 7 have antibacterial and/or antiviral activities (Lehrer et al. 1989; Domachowske et al. 1998; Harder and Schroder 2002; Hooper et al. 2003; Zhang et al. 2003) . Whether RNase 8 is bactericidal is controversial as different labs obtained different results (Zhang, Dyer, Rosenberg 2002; Rudolph et al. 2006) . At any rate, the presence of antibacterial/ antiviral activities in diverse lineages of the mammalian RNase superfamily suggests that host defense might be the original physiological role of the superfamily at its birth (Cho et al. 2005; Dyer and Rosenberg 2006) . Testing this hypothesis requires studies of nonmammalian vertebrates, especially basal vertebrates such as fish, to examine whether their RNases also have host-defense functions. Recently, Nitto et al. (2006) reported their detailed characterization of 2 chicken RNases and showed that one of them has bactericidal activities. RNases have also been identified in frogs (Huang et al. 1998; Irie et al. 1998; Rosenberg et al. 2001) , turtles (Beintema et al. 1985; Katekaew et al. 2006) , and iguana (Zhao et al. 1994; Nitto et al. 2005) with their ribonucleolytic activities characterized. However, it has not been extensively tested, compared with the mammalian RNases, as whether these nonmammalian RNases have any host-defense functions. In 2005, we reported our preliminary identification of RNase genes in the then incomplete zebrafish genome sequence (Cho et al. 2005) . Here, we characterize 3 RNase genes that we identified from the now much improved zebrafish genome sequence. We show that all 3 fish RNases are bactericidal, strongly supporting the hypothesis that the RNase A superfamily started as a host-defense mechanism in early vertebrate evolution.
Materials and Methods

In Silico Identification of Fish RNase Genes
For convenience, in this paper ''RNase'' is used to refer to a member of the RNase A superfamily. To identify all RNase genes in the zebrafish (Danio rerio) genome, we performed TBlastN searches (E value cutoff 5 10 À10 ) in the latest zebrafish genome assembly (Zv6) available at the Ensembl server (http://www.ensembl.org/Danio_rerio/ index.html) and the UCSC (University of California, Santa Cruz) Genome Browser (http://genome.ucsc.edu/) using all known human RNases (RNases 1-13) as queries (Cho et al. 2005) . The genome sequence has 6.5Â to 7Â coverage with .95% of the sequences placed on chromosomes. Our search yielded 3 sequences (Dr-RNase 1-3) that show significant similarities to the query sequences and contain key features of RNases. In addition, we performed TBlastN searches against the Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) expressed sequence tag (EST) databases available at the cGRASP (http://web.uvic.-ca/cbr/grasp/) and the medaka (Oryzias latipes) genome sequence (6.7Â coverage) available at NIG (National Institute of Genetics) DNA Sequencing Center (http://dolphin.lab. nig.ac.jp/medaka/). We also conducted thorough searches against the genome sequences of stickleback (Gasterosteus aculeatus, BROAD S1, 11Â coverage), fugu (Takifugu rubripes, FUGU 4.0, 8.7x coverage), and Tetraodon (Tetraodon nigroviridis, TETRAODON 7, 6x coverage) that are available from the Ensembl server (http://www.ensembl.org/).
Zebrafish Samples and Nucleic Acid Purification
We used the wild-type AB zebrafish strain for all our tissue samples in this study. We purified genomic DNAs from the muscle tissue of the sample fish using the PURE-GENE genomic DNA purification kit (Gentra Systems, Minneapolis, MN), following the manufacturer's instruction. The final concentration of the purified genomic DNA was adjusted to ;50 ng/ll. Total RNA was purified using TRIZOL reagent (Invitrogen, Carlsbad, CA) from whole-fish bodies at 6 different developmental stages (0-5 days old) and from 9 different adult tissues (eye, heart, brain, liver, gut, testis, ovary, skin, and muscle). Except for the reproductive organs, several fishes of mixed sexes were used. We note that we were not able to completely isolate the gut tissue from other attached soft organs such as pancreas due to technical difficulties.
Rapid Amplification of cDNA Ends and Reverse Transcription-Polymerase Chain Reaction 5# and 3# cDNA ends were determined using the FirstChoice RLM-rapid amplification of cDNA ends (RACE) Kit (Ambion Inc., Austin, TX) following manufacturer's instruction. The gene-specific primers used for RACE experiments are listed in supplementary table 1 (Supplementary Material online). Amplified cDNA products were cloned into pCR4-TOPO vector (Invitrogen) and at least 3 independent clones were sequenced for verification. For reverse transcription-polymerase chain reaction (RT-PCR), we generated 1st-strand cDNA using RETROscript Kit (Ambion) and then amplified each gene using gene-specific primers (supplementary table 1, Supplementary Material online). For each gene, the forward and reverse genespecific primers anneal to 2 separate exons so that cDNA amplifications can be distinguished from genomic contaminant amplifications by product size differences. We used Amplitaq Gold DNA polymerase (Applied Biosystems Inc., Foster City, CA) for all RT-PCRs, and the number of cycles was 35 for all reactions. Amplified products were analyzed using 10% polyacrylamide gels (Invitrogen).
Cloning, Bacterial Expression, and Purification of the Zebrafish RNase Genes
The signal peptides of the 3 zebrafish RNases were predicted using the SignalP 3.0 server (Bendtsen et al. 2004) . The mature peptide portion of each gene was amplified using PCR, cloned into the pFLAG-CTS vector of Escherichia coli (Sigma, St. Louis, MO), and verified by sequencing. The vector produces a recombinant protein with an octapeptide tag DYKDDDDK (FLAG) attached to its C-terminus, which facilitates its purification and detection with M2 anti-FLAG monoclonal antibody (Sigma) (Zhang et al. 2003) . Recombinant proteins were isolated, purified, and quantified as previously described (Zhang et al. 2003) .
RNase Assay
The RNase activities of the recombinant proteins against a standard yeast tRNA substrate were measured in 40 mM sodium phosphate buffer (pH 7.4) at 25°C. Purified RNase was added into 0.8 ml of the above buffer with 1.42 nmol tRNA. The reaction was stopped by 0.5 ml of 20 mM lanthanum nitrate with 3% perchloric acid, and insoluble tRNA was removed by centrifugation. The amount of solubilized tRNA was determined by ultraviolet absorbance at 260 nm. The catalytic activity of the RNase was determined as the pmol of RNA digested per second per pmol of RNase (Zhang et al. 2003) . In the experiments, we used 54.2 pmol Dr-RNase 1, 30.6 pmol Dr-RNase 2, and 53.9 pmol Dr-RNase 3. For comparison, we also used 456 pmol of commercially available (Sigma) RNase A and 286 pmol of human RNase 5 provided by Zhang and Rosenberg (2002b) . The results shown are normalized for 1 pmol of each RNase. The average values from 3 experiments and their 95% confidence intervals are presented.
Antibacterial Assay
We used pathogenic strains of bacteria E. coli (ATCC number 11303), Pseudomonas aeruginosa (27853), and Staphylococcus aureus (27217) and conducted the bactericidal assay following Zhang et al. (2003) . The bacteria were grown overnight and diluted 1:1000 in 10 mM sodium phosphate buffer (pH 7.5). Two microliters (40,000 colonyforming units [CFUs] ) of bacteria were incubated with varying concentrations of recombinant RNases for 8 h at 37°C. Serial dilutions of each protein-bacteria incubation were prepared and plated, and CFUs remaining after each treatment were determined. For the positive control, we mixed kanamycin solution with bacteria at a final concentration of 10 mg/ml. The negative control was identically treated, but with proteins from a sham isolation (with vector only).
Phylogenetic Analyses
Protein sequences were aligned by ClustalX (Thompson et al. 1997 ) with manual adjustments. MEGA3 (Kumar et al. 2004 ) was used for evolutionary analyses. Phylogenetic trees were reconstructed using the Neighbor-Joining method (Saitou and Nei 1987 ) with 2,000 bootstrap replications. We used the complete deletion option and the Poisson-corrected protein distance for tree making.
Results
Three RNase Genes Are Identified from the Zebrafish Genome Sequence
We performed TBlastN and BLAT searches against the current zebrafish genome assembly (Zv6) using all human RNases as queries and identified 3 sequences that are homologous to the query sequences (table 1). All 3 sequences have known features of canonical RNases ( fig. 1) . First, the entire coding region of 405-447 nt is contained in a single exon. Second, a signal peptide of ;20 amino acids is detected computationally at the N-terminus of the protein, suggesting that it is a secreted protein. Third, each protein has the ''CKXXNTF'' signature motif and the catalytic triad, as well as conserved cysteine residues. All canonical mammalian RNases except RNase 5 (angiogenin) have 8 cysteines forming 4 disulfide bridges, but mammalian RNase 5 and all nonmammalian RNases identified to date have only 6 cysteines (with the exception of frog RNases that have an additional disulfide bond at another position [Rosenberg et al. 2001] ). Consistent with this pattern, all the 3 zebrafish RNases have 6 cysteines as in RNase 5 ( fig. 1) . We named the sequences Dr-RNase 1, Dr-RNase 2, and Dr-RNase3 according to the order in which they were discovered.
Dr-RNase 1 and Dr-RNase 2 are more similar to each other (42% amino acid sequence identity) than either is to Dr-RNase 3 (28% and 30%, respectively). They are also identical in protein length (149 amino acids), longer than Dr-RNase 3 by 14 amino acids. However, Dr-RNase(table 1). These observations suggest that the 1st tandem gene duplication produced Dr-RNase 3 and Dr-RNase 2 and the subsequent gene duplication generated Dr-RNase 1 on a different chromosome.
Dr-RNase 1 Has an Unusual Gene Structure
We determined the entire mRNA sequences of the zebrafish RNase genes by 5# and 3# RACE using heart's and liver's total mRNAs, and compared the mRNA sequences with the genomic sequences to determine exon-intron boundaries for each gene. The resulting gene structures are drawn to scale in figure 2. Almost invariably, vertebrate RNase genes have 2 exons: one noncoding exon followed by another exon containing the entire open reading frame. This is the case for Dr-RNase 2 and Dr-RNase 3, but DrRNase 1 has 4 exons with its open reading frame residing in the 3rd exon. It is also noteworthy that the single intron of Dr-RNase 3 is much longer (;3.7 kb) than the introns in the other 2 genes. We found that a large section of this intron (nucleotides 800-2150) is homologous to mermaid short interspersed repetitive elements. Thus, the insertion of the transposable element is likely the reason why this intron is unusually large.
Zebrafish RNases Are Expressed in Limited Numbers of Adult Tissues
To determine when the zebrafish RNases are expressed during development, we performed RT-PCR analyses using total mRNA samples purified from various developmental stages including fertilized eggs (day 0) and 1-to 5-day-old hatchlings. No strong expression was detected in any of these early stages but a weak expression of Dr-RNase 3 was detected in 5-day-old fish ( fig. 3) . We did the same RT-PCR tests using mRNAs purified from 9 different adult tissues including eye, heart, brain, liver, gut, testis, ovary, skin, and skeletal muscle ( fig. 3) . Interestingly, Dr-RNase 1 and Dr-RNase 2 show a similar expression pattern consistent with their sequence similarity: strong expressions in the liver and gut and a weak signal in the heart. In addition, a weak expression of Dr-RNase 1 is detected in the testis. Different from the other 2 genes, Dr-RNase 3 is expressed in the eye and heart with much lower intensity. From these results, we conclude that zebrafish RNases function in late developmental stages and in adults.
Zebrafish RNases Have Ribonucleolytic Activities
We purified recombinant proteins of zebrafish RNases as described in Materials and Methods and determined their ribonucleolytic activities using the standard assay against yeast tRNA substrates. All the 3 zebrafish RNases have ribonucleolytic activities (fig. 4) . Among them, Dr-RNase 3 has the highest activity, comparable to that of bovine pancreatic ribonuclease (RNase A). Dr-RNase 1 and Dr-RNase 2 have lower activities, but greater than that of human RNase 5 (angiogenin).
Zebrafish RNases Are Bactericidal
As mentioned, many members of the RNase A superfamily have antibacterial and/or antiviral activities. We examined whether zebrafish RNases are also bactericidal, using 2 gram-negative and 1 gram-positive pathogenic bacterial strains as targets. At maximum doses, all the 3 zebrafish RNases have potent activities against the gramnegative bacteria E. coli and P. aeruginosa but have only mild effects against the gram-positive bacteria S. aureus ( fig. 5A ). We also confirmed that their antibacterial activities against E. coli are dose dependent ( fig. 5B ). The LD 50 value, the dose that kills 50% of bacteria, is estimated to be 1.0-1.5 lM for all 3 zebrafish RNases, which is comparable to that of human RNase 7 (Zhang et al. 2003) . As expected, no live bacteria were detected in positive controls.
Evolution of Fish RNase Genes
To gain a broader picture of fish RNase evolution, we searched the Atlantic salmon (S. salar) and rainbow trout (O. mykiss) EST databases and the medaka (O. latipes) genome sequence. We identified 2, 2, and 10 RNase sequences from the salmon, trout, and medaka, respectively, and named them Ss-RNases 1 and 2 (salmon), Om-RNases 1 and 2 (trout), and Ol-RNases 1-10 (medaka), according to the order in which they were identified. We also conducted thorough searches in the genome sequences of stickleback (G. aculeatus), fugu (T. rubripes), and Tetraodon (T. nigroviridis) but found no RNase sequences. Because these genome sequences are of high coverage (see Materials and Methods), we believe that the negative result reflects a lack of RNase genes in these 3 fishes.
To determine the phylogenetic positions of fish RNases in the vertebrate RNase superfamily, we constructed a protein Neighbor-Joining tree of fish RNases, previously identified nonmammalian RNases, and all human RNases (fig.  6 ). The tree leads to several inferences on the evolution of fish RNases and that of the superfamily. First, the RNases of each fish species do not cluster into a species-specific clade, except for the 2 trout RNases that are closely related to each other. For example, the 3 zebrafish RNases do not form 1 clade and the 10 medaka RNases form 2 separate clades. These results indicate that the diversification of fish RNases is ancient and that there were more than one RNase gene in the last common ancestor of all the fish species studied here, which lived around 150 MYA (Benton and Donoghue 2007) . Later, each fish lineage underwent differential retention and expansion by gene sorting (Zhang et al. 2000) leading to the varied RNase repertoires as seen in figure 6 . Second, although all the fishes studied here belong to a monophyletic group (Teleostei or teleost fishes), their RNases do not form a monophyletic group in exclusion of all other vertebrate RNases. This pattern suggests that there were at least 2 RNase genes in the common ancestor of teleosts and tetrapods (amphibians, reptiles, birds, and mammals). Third, the noncanonical RNases (human RNases 9-13 in the tree) form a monophyletic group. If we consider the many differences between canonical and noncanonical RNases and root the canonical RNase part of the tree with noncanonical RNases, fish and frog RNases appear to be the basal canonical RNases. Interestingly, this rooting also suggests that the initial diversification among human RNases 1-8 occurred between RNase 5 and all other RNases in the common ancestor of mammals and birds. The tree showed that the 3 chicken RNases are orthologous to mammalian RNase 5, consistent with the findings of similar functions between some chicken RNases and mammalian RNase 5 in terms of angiogenic and bactericidal activities (Nitto et al. 2006) . It should be noted that because vertebrate RNases are quite divergent in sequence but are short in length, many bootstrap values in the tree of figure 6 are not high, particularly for some deep nodes. This makes it difficult to infer RNase evolution with a high certainty.
Discussion
We previously reported our discovery of RNase genes in the then incomplete zebrafish genome sequence (Cho et al. 2005) . Here, we report the identification and functional characterization of 3 RNase genes in the now much improved zebrafish genome sequence. The zebrafish genome assembly (Zv6) used here has a high coverage (6.5Â to 7Â). It is thus likely that we have identified most, if not all, zebrafish RNase genes. We found that all 3 zebrafish RNases have potent bactericidal activities against gram-negative E. coli and P. aeruginosa, whereas this activity against gram-positive S. aureus is much weaker. These results mark the first discovery of bactericidal activities of fish RNases. As mentioned above, multiple divergent canonical RNases of mammals are known to have antibacterial and/or antiviral activities . Because fish are basal vertebrates, our finding of the bactericidal activities in their RNases support the hypothesis that host defense was the initial function of the RNase A superfamily when it originated in vertebrate evolution (Cho et al. 2005) .
It has been suggested and experimentally verified in several antibacterial RNases that positively charged amino acid residues are important for the disruption of negatively charged bacterial cell membranes and thus are key to the bactericidal activity (Zhang et al. 1998; Carreras et al. 2003; Zhang et al. 2003; Huang et al. 2006) . Indeed, all known bactericidal RNases, including mammalian RNases 3, 5, and 7, as well as chicken RNases, have relatively high isoelectric points (Zhang et al. 2003; Nitto et al. 2006) . However, isoelectric points of the zebrafish RNases are not particularly high (table 1), although their total numbers of positively charged amino acids are as high as those of previously known bactericidal RNases (table 2) . This suggests that local clusters of positive charges may be more important than global isoelectric points for bactericidal activities. Table 2 shows that some RNases from the salmon, trout, and medaka also have relatively high numbers of positively charged amino acids, suggesting that these RNases may also be bactericidal.
As mentioned, most nonmammalian RNases have only 6 conserved cysteines, much like mammalian RNase 5 (Strydom 1998) . Some of them are also similar to mammalian RNase 5 (Strydom 1998) in having low ribonucleolytic activities (Nitto et al. 2005 (Nitto et al. , 2006 . It is thus unsurprising that Dr-RNases 1 and 2 have only weak ribonucleolytic activities. However, we show that Dr-RNase 3 has a much stronger ribonucleolytic activity, comparable to that of bovine pancreatic RNase (RNase A). This suggests the possibility that a potent ribonucleolytic activity originated quite early in the evolutionary history of canonical RNases. It has been demonstrated previously in human RNase 3 and a chicken RNase that ribonucleolytic activities are not necessary for bactericidal activities (Rosenberg 1995; Nitto et al. 2006) . It would be interesting to examine if this is the case in zebrafish RNases.
Our RT-PCR analyses show that none of the 3 zebrafish RNase genes is expressed during early embryonic development. This is in line with the fact that no RNases studied to date is involved in early development or housekeeping functions. It is noteworthy that Dr-RNases 1 and 2, which are more similar to each other than either is to DrRNase 3 in protein sequence, are also similar to each other in their expression pattern, which is different from that of Dr-RNase 3. The strong expression of Dr-RNases 1 and 2 in the liver and gut is similar to some other RNases such as human RNase 1, 2, 4, 5, and 7 (Futami et al. 1997; Zhang et al. 2003) . All but a few of over 100 blood plasma proteins are made in liver, and a great diversity of these plasma proteins serve as defense molecules in the innate immune system (Putnam 1985) . Furthermore, it has been reported that mouse Ang4, one of the several duplicates of mouse RNase 5, is produced by Paneth cells in the intestine and secreted out to the gut lumen and has bactericidal activities against intestinal microbes (Hooper et al. 2003) . Thus, it is not unreasonable that Dr-RNases 1 and 2 produced in the liver and gut participate in innate immunity in a similar way. Alternatively, it is possible that Dr-RNases 1 and 2, expressed in the gut, might be involved in regulating the microbiota of the gut rumen by selectively suppressing certain phylotypes of microorganisms. For example, a recent study of reciprocal gut microbiota transplants from zebrafish and mice to germ-free recipients revealed host habitat selection (Rawls et al. 2006) . It should be noted that for the preparation of the gut sample, we had to take the intestinal tissue along with other organs attached to it, such as pancreas, due to technical limitations. Thus, it is possible that Dr-RNase 1 and 2 are expressed in those tissues rather than or as well as the gut, which would not be surprising because RNase A, the prototype of the RNase superfamily, is expressed in the pancreas. Compared with Dr-RNase 1 and 2, we could detect only weak expressions of Dr-RNase 3 in the whole 5-day-old fish and in the adult eye and heart. It is, however, possible that this gene is highly expressed under specific conditions (e.g., pathogenic infection) or tissues that were not examined in our study.
It has been noted that gene sorting, defined as a process leading to differential retention and amplification of ancestral genes in different lineages, is a common feature in the evolution of the RNase A superfamily (Zhang et al. 2000; Cho et al. 2005; Cho and Zhang 2006) and other hostdefense gene families (reviewed in Nei and Rooney 2005) . Presumably, this evolutionary pattern reflects a high rate of gene turnover that is consistent with the role of the gene family in defending against ever-changing pathogens. It is noteworthy from the tree in figure 6 that the fish RNase genes also show patterns of gene sorting, such as the presence of different gene numbers in different species and the lack of clear orthologs among species. Such evolutionary patterns are consistent with the hypothesis that fish RNases are involved in host defense.
Because teleost fish are the most basal vertebrates in which RNase genes have been identified, a natural question is whether RNase genes can be found in more basal vertebrates such as sharks and lampreys. We could not find any RNase genes in the 1.4Â coverage elephant shark (Callorhinchus milii) genome sequence (Venkatesh et al. 2006) and the trace files of the incomplete sea lamprey (Petromyzon marinus) genome sequence (http://genome.wustl.edu/ genome.cgi?GENOME5Petromyzon%20marinus). Furthermore, we were not able to detect RNase genes in the genome sequences of invertebrate deuterostomes, including the amphioxus Branchiostoma floridae (v1.0, 8.1Â coverage; http://shake.jgi-psf.org/Brafl1/), sea squirt Ciona intestinalis (v2.0, 6Â coverage; http://genome.jgi-psf.org/ Cioin2/Cioin2.home.html), sea squirt Ciona savignyi (13Â coverage; http://www.broad.mit.edu/annotation/ciona/ index.html) and sea urchin Strongylocentrotus purpuratus (Build 2.1, 6Â coverage; http://www.ncbi.nlm.nih.gov/ genome/guide/sea_urchin/). Because these invertebrates are closely related to vertebrates (Delsuc et al. 2006 ) and because their genome sequences are of high coverage, our negative results confirm that the RNase A gene superfamily is vertebrate specific. Our searches in the shark and lamprey genomes suggest that the superfamily may in fact be specific to bony vertebrates, although this hypothesis requires further scrutiny when more complete genome sequences from the shark and lamprey become available.
While completing our experiments, we became aware of the recent publication on zebrafish RNases of Pizzo et al. (2006) . For easy comparison, we summarize our findings and their findings of zebrafish RNases in table 3. They identified 3 zebrafish RNase genes from EST databases and showed that these RNases have ribonucleolytic and angiogenic activities. Interestingly, only 2 of the 3 RNases that they studied correspond to what we discovered and reported here. Their ZF-RNase3 and ZF-RNase2 are identical to our Dr-RNase 1 and Dr-RNase 2, respectively. We confirmed that the zebrafish genome assembly (Zv6) does not contain NOTE.-The isoelectric point of the mature peptide of each protein was calculated using the Protein Calculator v3.3 (http://www.scripps.edu/;cdputnam/ protcalc.html). Prefixes are used to indicate species: Dr for zebrafish (Danio rerio), Ss for Atlantic salmon (Salmo salar), Om for rainbow trout (Oncorhynchus mykiss), Ol for medaka (Oryzias latipes), Gg for chicken (Gallus gallus), and Hs for human (Homo sapiens). Table 3 Properties of Zebrafish RNases found in this study and in Pizzo et al. (2006) their ZF-RNase1. It is probable that ZF-RNase1 actually exists in the genome, but is not covered in the genome sequence assembly. Thus, zebrafish most likely has 4 RNase genes.
Supplementary Material
Supplementary table 1 is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
